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The molecular machinery governing glutamatergic-
GABAergic neuronal subtype specification is unclear.
Here we describe a cerebellar mutant, cerebelless,
which lacks the entire cerebellar cortex in adults. The
primary defect of the mutant brains was a specific
inhibition of GABAergic neuron production from the
cerebellar ventricular zone (VZ), resulting in second-
ary and complete loss of external germinal layer, pon-
tine, and olivary nuclei during development. We iden-
tified the responsible gene, Ptf1a, whose expression
was lost in the cerebellar VZ but was maintained in
the pancreas in cerebelless. Lineage tracing revealed
that two types of neural precursors exist in the cere-
bellar VZ: Ptf1a-expressing and -nonexpressing pre-
cursors, which generate GABAergic and glutamatergic
neurons, respectively. Introduction of Ptf1a into gluta-
matergic neuron precursors in the dorsal telencepha-
lon generated GABAergic neurons with representa-
tive morphological and migratory features. Our results
suggest that Ptf1a is involved in driving neural pre-
cursors to differentiate into GABAergic neurons in
the cerebellum.
Introduction
Although a complex variety of neurons comprise the
nervous system, they can be largely classified into two
groups: excitatory and inhibitory neurons. In the central
nervous system, these groups are mainly represented
by glutamatergic and GABAergic neurons, respectively.
In the rodent cerebral cortex, glutamatergic neurons are
generated from the VZ of the dorsal telencephalon and
migrate radially, while GABAergic neurons emerge from
the ventral telencephalon and follow tangential migrations
(Wilson and Rubenstein, 2000). Previous studies have
suggested that a few basic helix-loop-helix (bHLH) tran-
scriptional factors play a role in neuronal subtype specifi-
cation in the telencephalon: neurogenins expressed in the
dorsal telencephalon are involved in glutamatergic neu-
ron production, and Mash1 in the ventral telencephalon
participates in GABAergic neuron generation (Casarosa
et al., 1999; Fode et al., 2000; Ross et al., 2003). These
bHLH factors are localized in the VZ, where progenitors
begin to differentiate, but not in the cortical plate,
where mature neurons are located. However, the actual
molecular machinery for specifying neuronal subtypes
is still unclear and seems to be more complex, as sug-
gested by recent studies that reported paradoxical re-
sults as well as the involvement of other types of tran-
scriptional factors (Cheng et al., 2004; Parras et al.,
2002; Schuurmans et al., 2004).
The cerebellum presents as a good model system for
investigating the molecular mechanisms controlling
neuronal subtype specification, because it contains
only six or seven types of neurons, all of which are well
characterized (Palay and Chan-Palay, 1974). The cere-
bellar VZ is known to generate different types of neu-
Neuron
202rons at distinct but overlapping developmental stages k
tin mice (Wang and Zoghbi, 2001): deep cerebellar nu-
clei (DCN) neurons at embryonic day E10–E17, Purkinje n
cells at E11–E13, Golgi cells at E12–E15, and stellate/
basket cells postnatally (Miale and Sidman, 1961; t
(Pierce, 1975). While DCN neurons are known to include
both glutamatergic (large cells) and GABAergic (small w
mcells) populations (Batini et al., 1992), the other types
of neurons are all GABAergic. This indicates that both f
tglutamatergic (large DCN neurons) and GABAergic
(Purkinje cells, Golgi cells, and small DCN neurons) e
kneurons emerge from similar regions at overlapping
stages, in contrast to the phenomenon in the telen- a
pcephalon, where each type emerges from a distinct re-
gion. Despite the accumulated knowledge and simplic- i
city of the cerebellum, the molecular machinery that
governs GABAergic-glutamatergic neuronal subtype b
lspecification in the cerebellum is poorly understood.
Ptf1a (pancreas transcription factor 1a, also known t
cas Ptf1-p48), which encodes a bHLH transcriptional
factor, was originally reported as a pancreatic deter- w
wminer that drives undifferentiated cells in the foregut
endoderm to differentiate into a pancreatic lineage (Ka- l
owaguchi et al., 2002; Krapp et al., 1998). Very recently,
Ptf1a was identified as a gene responsible for the hu- s
mman permanent neonatal diabetes mellitus associated
with cerebellar ataxia and was reported to be some- D
rwhat involved in cerebellar development (Sellick et al.,
2004). (
3Here we report that Ptf1a is expressed in the cerebel-
lar VZ and acts as a neuronal subtype determiner to t
idrive neural precursors in the cerebellar VZ to differenti-
ate into GABAergic neurons. Loss of this gene expres- i
tsion results in a specific inhibition of GABAergic neuron
production from the cerebellar VZ. Furthermore, intro-
mduction of this gene to glutamatergic neuron precur-
sors in the dorsal telencephalon caused the production w
lof neurons with GABAergic characteristics, in terms of
not only the neurotransmitter subtype (GABA), but also o
mcell morphology and migratory behavior. Surprisingly,
our newly identified mutant, cerebelless, in which Ptf1a v
texpression is lost in the cerebellum but maintained in
the pancreas, survives up to adult lacking the entire a
cerebellar cortex.
s
Results
P
DPhenotypes of cerebelless in Adults
During the generation of some transgenic mice, we ob- t
ttained a line in which the homozygous mice exhibited
tremor, ataxic gait, and uncoordinated locomotion in n
ethe adult stages (see Movie S1 in the Supplemental
Data available online). Although they normally survived P
hup to 2 years, their body sizes were generally smaller
than those of heterozygotes and wild-type animals. b
iSurprisingly, the brains of homozygotes seemed to lack
the cerebellum (Figures 1A and 1B). Therefore, we d
lnamed this mutant “cerebelless” (cbll). Hematoxylin-
eosin (HE) staining of brain sections showed that the c
dcbll mutant lacked all cerebellar cortical layers (Figures
1C–1F). In Unc5h mutant chimeras, ectopically local- a
sized cerebellar cells were found in the inferior colliculus
(Goldowitz et al., 2000). However, no granule or Pur- ninje-like cells were observed outside the cerebellum in
he cbll mutant as revealed by HE staining and immu-
ohistochemistry (data not shown).
The cbll mutant brain retained a cerebellar rudimen-
ary region that directly abutted the inferior colliculus
Figures 1E–1H). In this rudiment, DCN neuron-like cells
ere observed (Figures 1I and 1J), which were nonim-
unoreactive to an anti-calbindin antibody (a marker
or Purkinje cells, data not shown) but immunopositive
o SMI32 antibody (Figures 1K and 1L), which suppos-
dly labels both DCN neurons and Purkinje cells (Jan-
ovski et al., 1996). Double labeling with SMI32 and
nti-GABA antibodies of wild-type DCN showed a com-
lementary staining pattern (Figure 1K); large cells were
mmunoreactive only to SMI32, and small cells were ex-
lusively GABA positive. This suggests that SMI32 la-
els only glutamatergic neurons in the DCN, because
arge DCN neurons are known to be glutamatergic (Ba-
ini et al., 1992). In the mutant DCN, no GABA-positive
ells were observed, although SMI32-positive neurons
ere found (Figure 1L). We performed immunostaining
ith an anti-glutaminase antibody that was reported to
abel glutamatergic DCN neurons (Kaneko et al., 1989)
n wild-type and mutant DCNs and observed a con-
iderable number of glutamatergic neurons even in the
utant DCN (Figures 1M and 1N). The number of large
CN cells, which are presumably glutamatergic neu-
ons, was estimated by quantitation in serial sections
8272 ± 205 in the wild-type and 3461 ± 18 in cbll, n =
). The number was significantly smaller in the mutant
han in the wild-type (p < 0.003). Thus, our observations
ndicate that the GABAergic population of DCN neurons
s completely absent in the cbll DCN, while loss of glu-
amatergic neurons is partial.
GABAergic neurons were missing within the entire
utant cerebellum, whereas many GABA-positive cells
ere found in other regions, such as the inferior collicu-
us (Figure 1O). As observed in Figures 1C and 1D,
ther than the cerebellum, the gross morphology of the
utant brain seemed normal. However, the inferior oli-
ary nucleus and the pontine nuclei, which are known
o project to the cerebellar cortex, were absent in
dults (Figures 1P–1S).
cbll heterozygotes were normal at all developmental
tages (data not shown).
henotypes of cerebelless during Development
uring embryonic stages, the cerebellar primordium of
he cbll mutant exhibited abnormal morphological fea-
ures. At E14.5 and E16.5, although an external germi-
al layer (EGL)-like structure was observed in mutant
mbryos (Figures 2C and 2D, black arrowheads), the
urkinje cell layer was missing (Figure 2C, white arrow-
ead). At E14.5, newly born Purkinje cells can be la-
eled with an anti-calbindin antibody just above the VZ
n wild-type embryos (Figure 2E); however, no calbin-
in-positive cells were observed in the mutant cerebel-
ar primordium (Figure 2F), suggesting that Purkinje
ells are not generated from the cbll cerebellar VZ. Our
etailed immunohistochemical studies did not detect
ny calbindin-positive cells at any developmental
tages in the cbll cerebellum (Figures 2E–2H and data
ot shown). In the wild-type cerebellum at E14.5 and
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203Figure 1. Adult Phenotypes of cbll
(A–F) Whole brains (A and B) and HE-stained sagittal sections (C–F) in adults. (G–O) Coronal sections of HE-stained (G–J) and immunostained
(K–O) cerebella. (I and J) High-magnification images of the boxed areas in (G) and (H), respectively.
(K–N) DCN regions. (O) Low-magnification image of the cerebellar rudiment. Antibodies used are indicated. (P–S) Coronal and sagittal sections
around the inferior olivary nucleus ([P and Q], surrounded by a dotted line) and the pontine nuclei ([R and S], surrounded by a dotted line).
Genotypes are indicated. ic, inferior colliculus; cb, cerebellum; Py, pyramidal tract. Scale bars: (A–D) 3 mm, (E and F) 1 mm, (G and H) 500
m, (I and J) 50 m, (K and L) 20 m, (M and N) 40 m, (O–S) 200 m.E16.5, we observed many GABA-immunoreactive cells
that likely include Purkinje cells, Golgi cells, and small
GABAergic DCN neurons (Figures 2I and 2K). However,
GABA-positive cells were rarely observed in the mutant
cerebellum at these stages (Figures 2J and 2L), sug-
gesting that GABAergic neurons were not produced
from the VZ of the cerebellar primordium in cbll. In con-
trast, immunostaining with calretinin, a marker for a
large population of differentiating DCN neurons at E14.5(Jacobowitz and Abbott, 1998), revealed that a signifi-
cant number of DCN neurons (probably glutamatergic)
were generated in the mutant cerebellum. In situ hy-
bridization withMath1, a marker for granule cell precur-
sors (Ben-Arie et al., 1997), gave positive signals in the
rhombic lip and the outer layer of the EGL at E12.5,
E14.5 (data not shown), and E16.5 (Figures 2O–2R) in
both wild-type and mutant animals, indicating that
granule cell precursors were generated from the rhom-
Neuron
204Figure 2. Cerebellar Phenotypes of cbll during Embryonic Development
(A–D) HE staining of sagittal sections of the cerebellar primordium. Black and white arrowheads indicate the EGL and Purkinje cell layers,
respectively. Localization of calbindin (E–H), GABA (I–L), and calretinin (M and N) is shown. White dotted lines surround the cerebellar
primordium. (O–R) In situ hybridization of cerebellar sections probed with Math1 (P and R), accompanied with HE-stained serial sections (O
and Q). Genotypes and developmental stages are indicated. Scale bars, 150 m.bic lip even in the cbll mutant. These findings suggest b
cthat generation of all types of GABAergic neurons was
affected in the cbll cerebellar VZ, although glutamatergic f
neurons, namely, large DCN neurons, continued to be
produced. t
3HE staining of postnatal samples revealed that, with
the exception of the mutant cerebellum and inferior oli- H
Pvary and pontine nuclei, other regions of the brain were
unaffected. At postnatal day 4 (P4), the mutant cerebel- 3
alum was smaller and did not exhibit the characteristic
lobular structure (Figures 3A and 3B). The Purkinje cell g
layer was absent, and the EGL was much thinner (Fig-
ures 3C and 3D), as confirmed by in situ hybridization i
twith Math1 (Figures 3E–3H). As development pro-
ceeded, the size of the mutant cerebellum decreased t
grelative to that of the whole brain (Figures 3I and 3J).
The EGL became smaller and thinner and disappeared vy P7 (data not shown) and P14 (Figures 3K and 3L) in
bll mutants. Eventually, granule cells could hardly be
ound in the cbll cerebellum.
Interestingly, in the mutant, the inferior olivary and
he pontine nuclei developed normally until P2 (Figures
M and 3P) and P5 (Figures 3S and 3V), respectively.
owever, the inferior olivary nuclei started to regress at
4 (Figures 3N and 3Q) and disappeared by P6 (Figures
O and 3R). Similarly, the pontine nuclei began to dis-
ppear at P6 (Figures 3T and 3W) and was barely distin-
uishable by P7 (Figures 3U and 3X).
TUNEL staining revealed many more apoptotic cells
n the EGL at P0, the inferior olivary nucleus at P3, and
he pontine nuclei at P6 in the mutants than in the wild-
ype mice (Figure S1). These phenomena indicate that
ranule cell precursors and neurons in the inferior oli-
ary and pontine nuclei were initially generated in the
Ptf1a in GABAergic Neuron Specification
205Figure 3. Postnatal Phenotypes of cbll
(A–D and I–L) HE sections of wild-type and mutant cerebella. A white arrowhead indicates the Purkinje cell layer. (E–H) In situ hybridization
with Math1 antisense (E and F) and sense (G and H) probes of adjacent sections of (C) and (D). Enlarged pictures in rectangles are shown (C,
D, K, and L). (M–R) Inferior olivary nucleus (surrounded by a dotted line). (S-X), Pontine nuclei (surrounded by a dotted line). Genotypes and
developmental stages are indicated. ic, inferior colliculus; cb, cerebellum. Scale bars, (A, B, I, and J) 500 m, (C–H) 50 m, (K and L) 100 m,
(M–X) 200 m.mutant but secondarily lost during development by
apoptosis, in contrast to the GABAergic neurons in the
cbll cerebellum.
Ptf1a Is the Responsible Gene for cerebelless
To identify the responsible gene for the cbll phenotype,
we performed fluorescence in situ hybridization (FISH)
analyses of the mutant chromosomes. The transgene
(see Experimental Procedures) appeared to have been
inserted into a single locus of chromosome 2, around
regions 2A3–2B (Figures 4A and 4B). Our genetic link-
age analyses indicated that the transgene was intro-duced between genetic markers D2Mit178 and D2Mit79
(Figure 4C). As the generation of transgenic mice is
sometimes accompanied by a deletion of genomic se-
quences near the transgene insertion site (Kuro-o et al.,
1997), we looked for possible genomic deletions be-
tween the two genetic markers. Using a series of primer
pairs that could amplify small DNA fragments (w100
bp) from the wild-type genome but not from the geno-
mic DNA of cbll homozygotes resulted in the successful
identification of a 313 kb deletion in the cbll genome
(Figure 4C). According to the NCBI mouse genome da-
tabase, the Ptf1a gene, which encodes a bHLH tran-
Neuron
206Figure 4. Ptf1a Is the Responsible Gene for cbll
(A and B) FISH analysis of cbll chromosomes probed with the transgene. (C) Physical/genetic map around the transgene insertion site. Arrows
indicate distinct genes. Ptf1a (red arrow) and a 313 kb deletion are shown. Arrows a and b indicate the 4921522E24Rik and 4933428L19Rik
genes, respectively. (D) RT-PCR to mRNA purified from cerebellum and pancreas at indicated stages. (E and G) In situ hybridization with Ptf1a
to E12.5 cerebella. (F) HE staining of the adjacent section of (E). Arrows, ventricular side of the cerebellar primordium. (H and I) Adjacent
frozen sections of the cerebellum of the transheterozygote (Ptf1acre/cbll) at E16.5 stained with HE (H) and calbindin (I). Scale bars, (E–G) 100
m, (H and I) 200 m.scriptional factor, is located 60 kb from one end of the t
tdeletion (Figure 4C). Because Ptf1a was reported to be
expressed not only in pancreas but also in the de- T
tveloping cerebellum (Obata et al., 2001), it was a good
candidate for the responsible gene. RT-PCR of mRNAs n
wpurified from embryonic cerebellar primordium de-
tected Ptf1a transcripts in wild-type embryos at E12.5, s
sE14.5, and E18.5 (Figure 4D), but not in mutant embry-
oniccerebella at anystage (Figure4D). On the other hand, g
sPtf1a was found to be expressed in both wild-type and
mutant embryonic pancreas (Figure 4D). In situ hybrid- s
Pization of embryonic brains showed that Ptf1a is ex-
pressed in the ventricular region of the cerebellar pri- m
amordium at E10.5, E12.5, and later stages (Figure 4E
and data not shown), with little or no expression in the a
vtelencephalon (data not shown), in agreement with
Obata et al. (2001). Comparison to HE-stained serial s
sections indicated that Ptf1a was expressed within the
cerebellar VZ (Figure 4F). In cbll mutants, Ptf1a tran- L
Tscripts were not detected in the cerebellar primordium
(Figure 4G), consistent with our RT-PCR data. More- o
rover, a transheterozygote of cbll and a Ptf1a null allele,
Ptf1acre (Ptf1atm1(cre)Wri) (Kawaguchi et al., 2002), exhib- 2
(ited abnormal cerebellar morphology at E16.5, lacking
the Purkinje cell layer (Figure 4H). In an adjacent sec- bion, calbindin-positive cells were hardly observed in
he cerebellum of the transheterozygote (Figure 4I).
hese phenotypes were basically identical to those of
he cbll homozygote shown in Figure 2. The Ptf1acre/cre
ull mutant also exhibited similar cerebellar defects
ith the cbll mutant at late embryonic stages (data not
hown). These results support Ptf1a as being the re-
ponsible gene for the cbll phenotype and further sug-
est that cbll is one of the alleles of Ptf1a (Ptf1acbll),
pecifically affecting the cerebellar primordium, but
paring the developing pancreas. The null mutation of
tf1a has been reported to result in pancreatic malfor-
ation and dysfunction as well as perinatal death from
n unknown cause (Kawaguchi et al., 2002; Krapp et
l., 1998). In contrast, the cbll mutant (Ptf1acbll/cbll) sur-
ives up to 2 years with a normal pancreas (data not
hown).
ineage Tracing of Ptf1a-Expressing Cells
he Ptf1acre allele was generated by the replacement
f the Ptf1a protein-coding region with that of a Cre
ecombinase targeted to the nucleus (Kawaguchi et al.,
002). We crossed Ptf1acre/+ with Gt(ROSA)26Sor tm1sor
R26R) mice, which carry a modified lacZ gene driven
y the cell type-independent ROSA26 promoter (Sori-
Ptf1a in GABAergic Neuron Specification
207ano, 1999). In offspring obtained from this cross, Ptf1a-
driven expression of Cre excises a stop cassette up-
stream of lacZ and activates β-galactosidase expres-
sion, which eventually labels Ptf1a-expressing cells
and their progeny (Kawaguchi et al., 2002).
Immunostaining revealed numerous β-galactosidase-
positive cells in the adult cerebellum of the Ptf1acre/+;
R26R mouse (Figure 5A). In the cerebellar cortex,
β-galactosidase was expressed in many types of GA-
BAergic neurons; Purkinje cells are shown by double
labeling with calbindin (Figure 5B), stellate (Figure 5C,
arrows), and basket (Figure 5C, arrowhead) cells by
double labeling with GABA in the molecular layer and
Golgi cells in the inner granular layer (data not shown).
In the DCN, expression of β-galactosidase was de-
tected only in small cells that were never labeled with
SMI32, a marker for non-GABAergic large DCN neurons
(Figure 5D) (Batini et al., 1992). Accordingly, glutami-
nase-positive cells (arrows in Figure 5E) in the DCN,
which are glutamatergic neurons, were never labeled
with β-galactosidase. In contrast, many β-galactosi-
dase-expressing cells were GABA positive in the DCN
(Figure 5F, arrows), indicating that Ptf1a-expressing
precursor cells in the cerebellar VZ produced GABAer-
gic but not glutamatergic neurons in the DCN. SomeFigure 5. Lineage Tracing Analyses in the Cerebellum
(A–H) Ptf1acre/+;R26R cerebella at P30 stained with indicated antibodies. PJ, Purkinje cell layer; ML, molecular layer; GL, granular layer; DCN,
deep cerebellar nuclei. (C) In the adult brain, neuronal soma of Purkinje cells are known to be hardly stained with GABA. An arrowhead and
arrows indicate basket and stellate cells, respectively. (E) Arrows indicate glutamatergic neurons in the DCN. (I and J) Immunostaining with
β-galactosidase and HuC/D to the cerebellar primordium of Ptf1acre/+;R26R (I) and Ptf1acre/cbll;R26R (J) at E14.5. Regions just above the
cerebellar VZ. (K) A parasagittal slice of a X-gal-stained Ptf1acre/+;R26R brain at P0. The pontine nuclei (arrowhead) and the inferior olivary
nucleus (arrow) are indicated. (L) Higher-magnification view of the rectangular region in (K), which was counterstained with 0.5% neutral red.
Arrows indicate β-galactosidase-positive cells in the inferior olivary nucleus. Scale bars, (A) 200 m, (B–G) 50 m, (H–J) 20 m, (K) 200 m,
(L) 40 m.β-galactosidase-positive cells were not immunoreac-
tive to HuC/D, a marker for postmitotic neurons (Figure
5G, yellow arrowheads), indicating that Ptf1a-express-
ing precursors also produced nonneuronal cells. This
might account for the presence of the β-galactosidase-
positive, GABA-negative cells in Figure 5F. Some β-galac-
tosidase-positive cells were labeled with GFAP, a marker
for astrocytes (arrow in Figure 5H). Similarly, it has been
known that both neuronal and glial cells emerge from
common precursors in the VZ of the dorsal telencepha-
lon (Kriegstein and Gotz, 2003; Temple, 2001).
On the other hand, β-galactosidase-negative, calbin-
din-positive, or GABA-positive cells were also observed
in Figures 5B and 5F. Transient and/or low expression
of Cre often results in “escapers” in this “Cre-loxP” lin-
eage trace system (Gu et al., 2002). Because Cre re-
combinase in Ptf1acre/+;R26R mice should be active
only in the precursor cells in the cerebellar VZ but not
in postmitotic neurons, early-born neurons are ex-
pected to include more escapers than late-born neu-
rons. Actually, Purkinje cells and DCN neurons, which
are known to be generated at embryonic stages, were
sometimes β-galactosidase negative (Figures 5B and
5F), while most basket and stellate cells that are pro-
duced postnatally are β-galactosidase positive (Figure
Neuron
2085C). Therefore, the β-galactosidase-negative Purkinje m
sand GABAergic DCN neurons detected in Figures 5B
and 5F might be escapers generated from Ptf1a-express-
ing precursors. The fact that all types of GABAergic neu- P
rons were affected in the mutant also supported this N
notion. I
The results of the lineage trace analyses suggest the c
existence of at least two types of neural precursor cells r
in the cerebellar VZ: Ptf1a-expressing precursors that m
produce a variety of GABAergic neurons and Ptf1a- T
nonexpressing precursors that generate glutamatergic d
DCN neurons. e
The lineage trace analysis was also applied to E14.5 n
embryonic cerebellar primordium in the mutant back- t
ground (Ptf1acre/cbll;R26R), in conjunction with HuC/D t
immunostaining. At this stage, HuC/D signals were h
found in cytoplasmic regions surrounding the nucleus, t
while β-galactosidase was detected in nuclear and/or n
perinuclear regions (arrows in Figure 5I). Many β-galac- c
tosidase-positive cells were found to be HuC/D posi- (
tive, even in the mutant cerebellum (arrows in Figure e
5J). Rates of HuC/D-expressing cells in β-galactosi- n
dase-positive cells were 95.05% ± 1.47% in control and f
93.57% ± 4.60% in mutants. These facts indicate that t
neural precursors in the cerebellar VZ can produce neu- t
rons despite loss of Ptf1a expression. At the same de- i
velopmental stage (E14.5), the positioning of β-galac- a
tosidase-positive cells was abnormal in the mutant i
(Figure S3). Some cells were found beyond the cerebel- c
lar primordium (arrow), and some were abnormally lo- w
cated facing the dorsal surface of the primordium (ar- G
rowhead). This observation may implicate that the o
migratory behavior of cells in the cerebellum is affected 2
when they lose the Ptf1a expression. Furthermore, we i
performed the lineage trace analysis of neonatal cere- t
bellum in the mutant background (Ptf1acre/cbll;R26R) m
with GFAP immunostaining, obtaining results showing d
that some β-galactosidase-expressing cells were GFAP c
positive (data not shown). This indicates that neural u
precursors in the cerebellar VZ can also produce a
astrocytes, even in the absence of Ptf1a expression. G
To investigate whether proliferation of the β-galacto- 1
sidase-positive cells in the cerebellar VZ was affected a
in the mutant background, pregnant mice (E12.5) were
given two intraperitoneal injections of BrdU with a 30 t
min interval. One hour after the first BrdU injection, the h
embryos were fixed, and BrdU incorporation rates were s
estimated. BrdU incorporation rates of β-galactosi- i
dase-positive cells in the cerebellar VZ were 22.81% ± n
3.38% in Ptf1acre/+;R26R and 22.21% ± 3.17% in m
Ptf1acre/cbll;R26R embryos, respectively (mean ± SEM, c
n = 7), indicating that proliferation of neural precursors s
in the cerebellar VZ is not significantly affected by loss a
of Ptf1a expression. r
Interestingly, X-gal staining of P0 whole-mount brains p
of Ptf1acre/+;R26Rmice revealed that the inferior olivary i
but not pontine nuclei are β-galactosidase positive (Fig- P
ure 5K). In high-magnification pictures, many β-galacto- e
sidase-expressing cells were observed in the inferior m
olivary nucleus (Figure 5L), but not in the pontine nuclei t
(data not shown). Because Ptf1a is reportedly ex- t
pressed in the dorsal part of the rhombencephalon e
t(Obata et al., 2001), neurons in the inferior olivary nucleiay be derived from Ptf1a-expressing cells in the dor-
al rhombencephalon.
tf1a Confers GABAergic Characteristics on
eurons Produced from the Dorsal Telencephalon
n rodents, it is known that the VZ of the dorsal telen-
ephalon produces glutamatergic neurons that migrate
adially, but does not generate GABAergic neurons that
igrate tangentially (Wilson and Rubenstein, 2000).
herefore, we introduced this gene into the VZ of the
orsal telencephalon, where Ptf1a is not endogenously
xpressed, to examine whether the fates of the progeny
eurons are changed. By using an in utero electropora-
ion technique (Kawauchi et al., 2003), we cointroduced
he Ptf1a expression (or a control) plasmid with an en-
anced GFP expression vector into the VZ of the dorsal
elencephalon at E14.5 and observed the resulting phe-
otypes at subsequent stages. The cotransfection effi-
iency was more than 98%, as previously described
Kawauchi et al., 2003). We confirmed that under our
xperimental conditions the expression plasmid was
ot introduced into ventral telencephalon cells by sacri-
icing and analyzing the animals 24 hr after electropora-
ion (data not shown). At P0, frozen sections of elec-
roporated brains were prepared and subjected to
mmunohistochemistry with anti-GABA and anti-GFP
ntibodies. In control animals, the majority of GFP-pos-
tive cells had migrated to the superficial layers of the
ortical plate (Figure 6A), as previously described (Ka-
auchi et al., 2003). These transfected cells were not
ABA positive (Figures 6C-6E), coincident with previ-
us reports (Tan et al., 1998; Wilson and Rubenstein,
000). In contrast, Ptf1a-transfected cells were found
n various regions of the cortex, namely, all layers of
he cortical plate, the intermediate zone, and even the
arginal zone (Figure 6B), suggesting that these cells
o not migrate normally. Surprisingly, Ptf1a-transfected
ells in the upper (Figures 6F–6H) and lower layers (Fig-
res 6I–6K) of the cortical plate were often immunore-
ctive to GABA. The ratios of GABA-positive cells to
FP-positive cells in the cortical plate were 75.053% ±
.93% and 0.032% ± 0.032% in the Ptf1a-introduced
nd control brains, respectively (n = 14, p < 0.0001).
Furthermore, enhancement of the GFP signals showed
hat Ptf1a-transfected, GABA-positive cells tended to
arbor multiple thin processes around the soma, re-
embling the morphology of typical GABAergic neurons
n the cerebral cortex (Figures 6L and 6M). Similar phe-
omena were observed when the electroporated ani-
als were sacrificed at E17.5. Many Ptf1a-introduced
ells were GABA positive (see Figures S2A–S2F), and
ome cells resided in the marginal zone extending
process toward the ventricular side (Figure S2G),
esembling a type of migratory behavior recently re-
orted for GABAergic neurons (Ang et al., 2003). In the
ntermediate zone of brains sacrificed at P0, fewer
tf1a-transfected cells were GABA positive, but many
xhibited tangentially migrating GABAergic neuron-like
orphology (Figures 6N–6P). To investigate the migra-
ory behavior of Ptf1a-introduced cells, we performed
ime-lapse recording on cultured brain slices that were
lectroporated at E14.5 and sacrificed at E16.5. In con-
rast to the radial migration observed in most of the
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sal Telencephalon
GFP (green) and GABA (red) are labeled.
(A–P) Sections of P0 wild-type mice electro-
porated with control (A and C–E) or Ptf1a (B
and F–P). Higher-magnification view of the
upper (C–H) and lower (I–K) cortical plate
and the intermediate zone (N–P). (L and M)
Representative GFP-enhanced images of
Ptf1a-introduced cells in the cortical plate.
(Q) Time-lapse panels of Ptf1a-introduced
slice at intervals of 90 min. Arrows, tangen-
tially migrating cell. Scale bars, (A and B) 100
m, (C–H) 40 m, (I–P) 10 m, (Q) 50 m. (R)
A model for glutamatergic-GABAergic speci-
fication by bHLH proteins in the cerebellum.
X, unknown bHLH protein. RL, Rhombic lip.control cells in the upper side of the intermediate zone
(Movie S2), the majority of Ptf1a-introduced cells either
remained stationary or migrated tangentially (Figure 6Q
and Movie S3). In addition, immunostaining revealed
that Ptf1a-transfected cells did not express calbindin
(see Figure S2H).
These findings suggest that Ptf1a introduction into
neural precursors in the dorsal telencephalon can con-
fer GABAergic characteristics on the progeny neurons,
in terms of not only the neurotransmitter subtype, but
also cell morphology and migratory behavior.
Discussion
Pathology of cbll
The primary defect observed in the cbll brain was spe-
cific inhibition of all types of GABAergic neuron pro-
duction from the cerebellar VZ, whereas primary gener-
ation of granule cell precursors and neurons in the
inferior olivary and pontine nuclei occurred. Granule
cell precursors emerge from the rhombic lip and mi-grate along the dorsal surface of the cerebellar primor-
dium, forming the EGL. However, in the mutant, they
fail to differentiate into granule cells and gradually dis-
appear, accompanied by apoptotic features. It has been
suggested that Sonic Hedgehog (Shh) secreted from
Purkinje cells is required for granule cell precursors to
proliferate, differentiate, and survive in the cerebellum
during development (Dahmane and Ruiz-i-Altaba, 1999;
Lewis et al., 2004; Wallace, 1999; Wechsler-Reya and
Scott, 1999). Primary inhibition of GABAergic neuron
production may therefore account for the secondary
gradual loss of the granule cell precursors and result in
the lack of the entire cerebellar cortex in cbll adults.
The disappearance of the inferior olivary and pontine
nuclei occurs abruptly and completely within a few
days, postnatally, exhibiting apoptotic features in the
cbll mutants. It is known that neurons in the inferior
olivary and pontine nuclei extend their axons toward
Purkinje cells (climbing fibers) and granule cells (mossy
fibers), respectively. Because the survival of many
types of neurons is known to be target dependent (Ben-
Neuron
210net et al., 2002) and because disappearance of these d
nuclei is observed after their projection dates in cbll, s
loss of their targets may account for the disappearance i
of these neurons. Actually, a few reports suggest that a
the survival of inferior olivary neurons is dependent on
contact with Purkinje cells (Chu et al., 2000; Herrup et I
al., 1996). Our lineage trace analyses suggested that N
neurons in the inferior olivary nucleus were generated P
from Ptf1a-expressing cells in the dorsal rhomben- p
cephalon. RT-PCR analysis revealed that Ptf1a expres- e
sion in the rhombencephalon was extremely reduced in o
the cbllmutant (data not shown), bringing up the possi- e
bility that neurons in the inferior olivary nucleus may p
have an intrinsic defect resulting in their postnatal dis- k
appearance. However, this is not likely the case since c
they appear normal until P2. This is also supported by P
the fact that neurons in the pontine nuclei, which are m
not produced from Ptf1a-expressing cells, also disap- i
pear postnatally. r
In the adult stage, the number of large cells in the e
DCN (presumably glutamatergic neurons) was relatively (
reduced in cbll. In the Lurcher mutant mice where Pur-
kinje cells gradually disappear postnatally, about 20% c
of large neurons (putative glutamatergic neurons) are G
lost between P10 and P30 (Heckroth, 1994). This phe- m
nomenon is thought to be caused by loss of neuronal d
input to glutamatergic DCN neurons from Purkinje cells. I
In addition, it is known that the terminal of one process b
(the future axon) of immature migrating Purkinje cells b
has contact with DCN neurons, suggesting some tro- o
phic action of Purkinje cells on DCN neurons during f
development (Collins, 1995). Therefore, in cbll where F
Purkinje cells are entirely lost from the beginning, the w
number of large glutamatergic neurons in the DCN may t
be reduced due to the complete loss of the trophic ac- t
tion and/or input from Purkinje cells.
d
The cbll mutant was obtained during the process of
e
generating certain transgenic lines (see Experimental
t
Procedures). Genetic as well as molecular analyses
iidentified a 313 kb genomic deletion around the cbll
plocus. The Ptf1a gene, located 60 kb from one end of
athe deletion, was identified as the responsible gene for
cbll; transheterozygotes of cbll and a Ptf1a null allele
G(Ptf1acre/cbll) exhibit a cerebellar phenotype identical
oto that of the cbll homozygotes (Ptf1acbll/cbll) as well
pas the Ptf1a null mutants (Ptf1acre/cre). The NCBI data-
ibase predicts the localization of two putative genes
m(4921522E24Rik and 4933428L19Rik, genes a and b in
dFigure 4C, respectively) within the deletion. The expres-
msion profiles of these additional genes by RT-PCR are
Gshown in Figure S4. These genes are expressed in a
svariety of tissues, which includes the cerebellar primor-
sdium. Expression of these genes in the cerebellar pri-
dmordium is lost in Ptf1acbll/cbll but not in Ptf1acre/cre. Al-
tthough we cannot completely exclude the possibility
fthat these additional genes also contribute to the cbll
rphenotype, its probability seems to be low because a
ebasically identical phenotype is observed in Ptf1acre/cre,
awhere the expression of these genes are maintained.
pIn cbll mutants, expression of Ptf1a was lost in the
Hcerebellum but maintained in the pancreas. The Ptf1a
ogene consists of two exons, both of which are located
c60 kb from the deletion, and to date, no differentially
spliced isoforms have been reported in any papers or gatabases. This leads us to believe that a cerebellum-
pecific enhancer element of Ptf1a has been removed
n the cbll allele, rather than assuming the presence of
cerebellum-specific spliced isoform.
nvolvement of Ptf1a in Generating GABAergic
eurons from the Cerebellar VZ
tf1a encodes a bHLH transcription factor and is ex-
ressed in the VZ of the cerebellar primordium. Our lin-
age analyses revealed that the cerebellar VZ consists
f at least two types of neural precursor cells; Ptf1a-
xpressing and nonexpressing cells. Ptf1a-expressing
recursors produce GABAergic neurons such as Pur-
inje, Golgi, basket, and stellate cells in the cerebellar
ortex and small GABAergic neurons in the DCN, while
tf1a-nonexpressing precursors generate large gluta-
atergic neurons in the DCN (Figure 6R). This finding
s partly consistent with a previous clonal analysis that
eported that DCNs and other neuronal subtypes
merge from distinct precursors in the cerebellar VZ
Mathis and Nicolas, 2003).
In the cbll mutant that lacks Ptf1a expression in the
erebellar primordium, the cerebellar VZ is defective for
ABAergic neuron generation, but does produce gluta-
atergic DCNs, suggesting that Ptf1a is critical for the
evelopment of GABAergic neurons in the cerebellum.
n addition, the lineage tracing analyses in the mutant
ackground showed that neural precursors in the cere-
ellar VZ could produce neurons even in the absence
f Ptf1a expression, indicating that Ptf1a is not required
or the generation of neurons from neural precursors.
urthermore, more apoptotic (TUNEL-positive) cells
ere observed in the cerebellar primordium of mutants
han control (data not shown), suggesting that neurons
hat failed to differentiate into GABAergic neurons un-
erwent apoptosis. Together with the fact that Ptf1a-
xpressing precursors also produce nonneuronal cells,
hese findings raise the possibility that Ptf1a may be
nvolved in specifying GABAergic lineage when the
rogeny of the precursor cells in the cerebellar VZ
cquire neuronal characteristics.
To investigate the ability of Ptf1a in specifying the
ABAergic lineage, Ptf1a was introduced into the VZ
f the dorsal telencephalon, which resulted in the
roduction of cells with GABAergic neuronal character-
stics in terms of the neurotransmitter subtype, cell
orphology, and migratory behavior. These findings in-
icate that PTF1a can act as a neuronal subtype deter-
iner instructing neural precursors to differentiate into
ABAergic neurons, rather than act as a simple tran-
cription factor that activates genes involved in GABA
ynthesis, such as GAD65 and GAD67, when intro-
uced into the dorsal telencephalon. However, the no-
ion that endogenous PTF1a has a similar physiological
unction in the cerebellum, especially in terms of neu-
onal morphology and migratory behavior, still remains
lusive, because the results of ectopic expression in
nother part of the brain cannnot be extrapolated to
hysiological function of PTF1a in the cerebellum.
owever, that notion may be partially supported by the
bservation that the mutant cells produced from the
erebellar VZ were abnormally positioned, which sug-
ested that their migratory behavior was affected when
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Ptf1a is thought to act as a pancreatic determiner that
drives undifferentiated cells in the foregut endoderm to
differentiate into a pancreatic lineage, as suggested by
targeted disruption and lineage tracing (Kawaguchi et
al., 2002).
In the telencephalon, the expression of certain bHLH
factors (Neurogenins and Mash1) in precursor cells in
distinct germinal areas is believed to determine which
subtype of neuron will form; Neurogenins specify glu-
tamatergic and Mash1 specifies GABAergic neurons
(Ross et al., 2003). In the cerebellum, there are two ger-
minal areas: the VZ and the rhombic lip. Granule cells
that are glutamatergic are specifically derived from the
rhombic lip; a bHLH gene, Math1, is expressed and in-
volved in this process (Ben-Arie et al., 1997). In contrast
to the specificity of the rhombic lip, both glutamatergic
and GABAergic neurons are produced from the cerebel-
lar VZ. However, our lineage tracing revealed the exis-
tence of two types of neural precursors, namely, Ptf1a-
expressing and nonexpressing precursors in that region,
suggesting that themolecularmachinery for glutamatergic
versus GABAergic neuronal subtype specification may
be similar between the telencephalon and cerebellum,
in terms of the involvement of bHLH proteins. If this is
true, there should be a bHLH factor expressed in the
Ptf1a-nonexpressing precursors, which is responsible
for producing the glutamatergic DCN neurons (Fig-
ure 6R).
Although numerous cerebellar disorders and mutants
have been reported over the past 50 years, there has
been no mutant, other than cbll, that lacks the entire
cerebellar cortex and survives into adult stages. Be-
cause other abnormalities in this mutant brain are not
present, with the exception of a couple precerebellar
nuclei in the brain stem (e.g., inferior olivary and pon-
tine nuclei), this mouse provides a powerful tool with
which to investigate cerebellar functions in vivo, by
means of behavioral and electrophysiological analyses.
The human PTF1A gene is located around chromo-
some 10p12. A recessive syndrome exhibiting cerebel-
lar hypoplasia/agenesis and neonatal diabetes mellitus
was reported and mapped to chromosome 10p12.1-
p13 (Hoveyda et al., 1999; Sellick et al., 2003). Very re-
cently, PTF1A was identified as the responsible gene
for this syndrome and was implicated for a role in cere-
bellar development (Sellick et al., 2004). Our findings
suggest that the molecular function of PTF1a is to act
as a neuronal subtype determiner for GABAergic neu-
rons, and they contribute to the understanding of the
pathology underlying this syndrome.
Experimental Procedures
Generation of the cbll Mutant
The original transgene construct was designed to express cDNA
encoding the secretory type human Klotho protein (Kuro-o et al.,
1997; Matsumura et al., 1998) in the liver under the control of the
mouse albumin enhancer/promoter sequence (Pinkert et al., 1987).
One of the transgenic lines, 7-2, was identified as cbll. Klotho pro-
tein was detectable in the serum of cbll heterozygotes (data not
shown). However, no cerebellar phenotypes were observed in cbll
heterozygotes nor any other transgenic lines in which enhanced
levels of serum Klotho protein were detected. Furthermore,
Ptf1acre/cre and Ptf1acbll/cre mice exhibited cerebellar phenotypessimilar to Ptf1acbll/cbll, in terms of the lack of a Purkinje cell layer in
the embryonic cerebellum. From these results, we concluded that
cbll phenotypes were not caused by ectopic expression of Klotho
protein, but were due to loss of Ptf1a expression in the cerebellum.
The cbll mice used in this study, including the linkage analysis,
were backcrossed six times with C57BL/6.
Antibodies
Primary antibodies used in this study were anti-calretinin (1/500,
Chemicon), anti-calbindin D-28K (1/500, Chemicon), anti-GABA
(1/500, Sigma), anti-HuC/D (1/500, Molecular Probes), anti-β galac-
tosidase (1/400, goat, Biogenesis), anti-β galactosidase (1/1600,
rabbit, Cappel), SMI32 (1/200, Sternberger Monoclonals Incorpo-
rated), anti-GFAP (1/1, DakoCytomation), and anti-GFP (1/10, mono-
clonal; Kawauchi et al., 2003; provided by Dr. Imura) antibodies. A
rabbit polyclonal antibody to rat glutaminase was raised against
the C-terminal 155 amino acids (GenBank, M65150) fused with glu-
tathione-S-transferase (GST), affinity-purified using the antigen
polypeptide free of GST, and confirmed to recognize a 65 kDa pro-
tein band in immunoblotting with mouse brain extracts.
Quantitation of Large DCN Cells
Serial coronal sections (6 m) of three normal and cbll brains were
stained with HE. The outlines of the DCN were drawn with the aid
of a camera lucida attachment on the microscope. Every tenth sec-
tion was examined with a 20× objective lens and a net ocular mi-
crometer in a 10× ocular lens. The location of each neuron exhibit-
ing a nucleolus or nucleolar fragment was plotted on the DCN
tracings. Neurons were further characterized as large or small as
previously reported (Heckroth, 1994). In the present study, only
large neurons were plotted because the small neurons were
GABAergic and disappeared from the cbll DCN. All counts were
performed by T.T. to ensure the consistency of any observer error.
The raw values are overestimates because cell nucleoli can be split
during sectioning and may appear in more than one section. The
corrected numbers of DCN neurons were obtained by multiplying
the raw values by Abercrombie’s correction factor (Abercrombie,
1946). Nucleolar size was estimated by the average size of 127
randomly selected nucleolar profiles from several sections and
subdivisions (mean 1.50 ± 0.52 SD; n = 127). The correction factor
used for large neuron counts was 0.80.
In Situ Hybridization to Sections and RT-PCR
In situ hybridization was performed as described previously (Ho-
shino et al., 1999; Yoshizawa et al., 2002, 2003). The Ptf1a probe
corresponded to the cDNA region of 200–1173 bp. The Math1
probe was generated as previously described (Akazawa et al.,
1995). RT-PCR primers used for Ptf1a were 5#-TAGACACGCTG
CGCTTGGCCATAGGCTACA-3# and 5#-ACAAAGACGCGGCCAAC
CCGATGTGAG-3#.
FISH and Linkage Analyses
FISH analysis was performed by SeeDNA (http://www.seedna.
com), to spleen cells of cbll heterozygotes probed with a truncated
human Klotho cDNA (Matsumura et al., 1998). Linkage analyses
were performed by crossing with MSM/Ms mice (provided from
Mouse Genetic Resources, Mammalian Genetics Laboratory, Na-
tional Institute of Genetics, Mishima, Japan) to specify the insertion
site of the transgene.
Detection of -Galactosidase Using X-gal
Mouse brains at P0 were fixed with 4% paraformaldehyde at 4°C
overnight. After several washes with phosphate-buffered saline
(PBS), fixed brains were incubated in X-gal working solution [0.05%
X-gal, 1 mM MgCl2, 3 mM K4Fe(CN)6, 3 mM K3Fe(CN)6, 0.1% Triton
X-100 in PBS] at 37°C overnight. After several washes with PBS,
brains were sagittally cut in two and subjected to observation.
BrdU Incorporation Experiment
Pregnant mice (E12.5) were given two intraperitoneal injections of
BrdU at 50 mg/kg with a 30 min interval. One hour after the first
BrdU injection, the embryos were fixed and subjected to estimation
Neuron
212of the BrdU incorporation rates as previously described (Kawauchi P
Tet al., 2003).
m
Other Experiments C
TUNEL staining (TdT-mediated dUTP nick end labeling) was per- a
formed on wax sections by using the in situ Apoptosis Detection c
Kit (Takara) according to the manufacturer’s instructions. C
In utero electroporation and slice culture experiments were per- L
formed as previously described (Kawauchi et al., 2003; Yoshizawa
Det al., 2005). The Ptf1a expression vector was generated by insert-
ling the ORF sequence into the cloning site of pCAG-MCS2 (Ka-
1wauchi et al., 2005; Niwa et al., 1991).
FImmunohistochemistry was performed as previously described
l(Matsuo et al., 2002, 2003).
t
6
GSupplemental Data
(The Supplemental Data for this article, including figures and mov-
mies, can be found online at http://www.neuron.org/cgi/content/full/
47/2/201/DC1/. G
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